Purpose: To characterize the two-dimensional parameter Bruch's membrane opening minimum rim area (BMO-MRA) in spectral domain optical coherence tomography (SD-OCT) of the optic nerve head (ONH) compared to minimum rim width (BMO-MRW) and retinal nerve fibre layer (RNFL) thickness in a large patient cohort. Methods: Case-control, cross-sectional study of 705 eyes of 445 participants. A total of 449 eyes with glaucoma, 67 eyes with ocular hypertension and 189 healthy controls, underwent SD-OCT and confocal laser scanning tomography (CSLT), visual field testing and clinical examination. Morphometric ONH parameters, visual field function and diagnostic power were compared. Main outcome measures were SD-OCT-derived BMO-MRA, BMO-MRW, RNFL thickness and CSLT-derived rim area (DM-RA). Results: Mean ONH area was 2.11 AE 0.57 mm 2 ; mean BMO area was 1.89 AE 0.45 mm 2 . Correlation of mean deviation in visual field to morphometric parameters was q = 0.70, (p < 0.001) for RNFL thickness, q = 0.68 (p < 0.001) for BMO-MRA, q = 0.66 (p < 0.001) for BMO-MRW. These correlations were not significantly different (p > 0.05), while DM-RA correlated significantly worse (q = 0.55; p < 0.001). In receiver operating characteristics, the calculated area under the curve (AUC) and sensitivity at 90% specificity to differentiate glaucoma were 0.87% and 70.1% for BMO-MRA, 0.86% and 68.1% for RNFL thickness, 0.84% and 66.0% for BMO-MRW, 0.82% and 51.3% for DM-RA. Conclusions: In a heterogenous clinical cohort of glaucoma patients, all analysed SD-OCT parameters excel DM-RA of CSLT. The two-dimensional parameter BMO-MRA shows comparable levels of diagnostic power to detect glaucoma compared to established parameters BMO-MRW and RNFL thickness. Given higher comparability between ONH sizes, BMO-MRA might become an additional standard tool in SD-OCT imaging for glaucoma.
Introduction
Bruch's membrane opening (BMO)-based spectral domain optical coherence tomography (SD-OCT) has become a broadly used diagnostic aid in glaucoma care replacing more and more the previous standard confocal laser scanning tomography (CSLT) (Reis et al. 2012a,b; Gardiner et al. 2014) . Spectral domain optical coherence tomography (SD-OCT) technique assesses the optic nerve head (ONH) and retinal structures between BMO and the internal limiting membrane (ILM) including sub-surface structures (Chen 2009 ). BMO-based minimum rim width (BMO-MRW) and peripapillary retinal nerve fibre layer (RNFL) thickness represent the currently commercially used morphometric parameters generated by SD-OCT that are calculated by the operating software both globally and localized for optic ONH sectors (Bowd et al. 2006; Povazay et al. 2007; Abramoff et al. 2009; Chen 2009; Mwanza et al. 2011; Chauhan & Burgoyne 2013; Gardiner et al. 2014; Chauhan et al. 2015) . Diagnostic power to detect glaucoma and correlation of these parameters with visual field function has been evaluated in previous studies (Caprioli 1989; Anton et al. 1998; Garway-Heath et al. 2002; Schlottmann et al. 2004; Gardiner et al. 2005; Harwerth et al. 2005; Anderson 2006; Gardiner et al. 2014; Muth & Hirneiss 2015; Enders et al. 2016a,b,c) .
Gardiner and associates introduced a novel, two-dimensional parameter BMO-based minimum rim area (BMO-MRA) analysing 221 eyes and finding significantly better correlations to both RNFL thickness and mean deviation (MD) in visual field testing (Gardiner et al. 2014) . In another study on 207 individuals, BMO-MRA has also been shown to equalize differences in rim width between healthy small and large optic nerve heads (ONHs) and to have higher diagnostic power for glaucoma compared to conventional parameters (Enders et al. 2016a,b,c) .
Despite major advances in glaucoma diagnostics and excellent intra-and interobserver reproducibility (Reis et al. 2017) compared to preceding techniques, BMO-based morphometry by one-dimensional parameters as BMO-MRW has important limitations. Normative BMO-MRW values depend on ONH size; especially in large ONHs, BMO-MRW is physiologically thinner. Morphometric data for eyes with non-glaucomatous macrodiscs has been published (Enders et al. 2016a,b,c) . Other less frequent ONH configurations (e.g. conus, myopic) require matching with a specific control group of healthy individuals to achieve high diagnostic power. Malik et al. (2016) recently published an analysis on the diagnostic power in myopic ONHs; Enders et al. (2016a,b, c) assessed the diagnostic power of one-dimensional SD-OCT-based morphometric parameters in small ONHs independent from refractive status.
The present study's purpose was to characterize the morphometric parameter BMO-MRA in a large patient cohort of a tertiary university centre for glaucoma covering all possible characteristic regarding ONH size, shape or refractive error. We aimed to evaluate the diagnostic power of BMO-MRA for detection of glaucoma in this broad cohort to complement our previous analysis of small and large optic nerve heads. The results of this study might contribute significant insight and information to the question, whether the morphometric parameter BMO-MRA should be implemented within the commercial evaluation software of SD-OCT.
Patients and Methods
This single-centre retrospective analysis is based on data acquired from 07/2014 to 03/2016 at the Department of Ophthalmology, University Hospital of Cologne, Germany. All patients received both CSLT and SD-OCT measurements of the optic nerve head on the same day. Additional parameters were collected from patients' files: ophthalmologic diagnoses, previous surgery, best-corrected visual acuity (BCVA), intraocular pressure (IOP) at examination and maximal IOP, topical medication and medical history of the eyes. Intraocular pressure (IOP) was assessed by corneal rebound tonometry (Icare tonometer TA01i, Icare Finland Oy, Vantaa, Finland) in adults and children, respectively, and by Goldmann tonometry.
Inclusion and exclusion criteria
Initially all image data of patients receiving SD-OCT of the ONH and CSLT measurements were evaluated and screened for inclusion. Exclusion criteria were as follows: visual field loss due to other aetiologies than glaucoma, unsatisfactory quality in CSLT, SD-OCT, or in visual field testing, and BCVA > 0.4 logMAR. For individuals without any suspicion of glaucomatous damage, a mean deviation of better than À3 dB was required. If multiple data points at different time-points were available, the earliest examination was selected to allow subsequent follow-up analyses. Both eyes of an individual were included, if these fulfilled all inclusion and no exclusion criterion.
Diagnosis of glaucoma
Patients included were classified into three diagnostic groups according to the 4th Edition of Guidelines of the European Glaucoma Society (EGS): (Society 2014) (1) patients with glaucoma, (2) patients with ocular hypertension and (3) individuals with no suspicion of glaucoma. In EGS guidelines, glaucomas are progressive optic neuropathies, which have in common characteristic morphological changes at the optic nerve head and RNFL in the absence of other ocular diseases or congenital anomalies. Progressive ganglion cell death and visual field loss are associated with these changes. Clinical suspicion of glaucoma was regarded as the presence of glaucoma. In case of divergent diagnoses in both eyes of the same individual, the more unfavourable diagnosis was used to classify the patient. Aim of this approach was to reduce a potential selection bias for non-glaucomatous individuals recruited from the patients seen at our centre. Individuals with no suspicion of glaucoma received ONH morphometry and visual field testing as part of a full screening for ocular diseases or for exclusion of glaucoma or Ocular Hyper-tension (OHT), mainly on a private medical practice basis.
Morphometric analyses of the optic nerve head
Confocal laser scanning tomography (CSLT) and SD-OCT examinations were performed by Heidelberg Engineering Retina Tomograph III and Spectralis â -SD-OCT (Heidelberg Engineering GmbH, Heidelberg, Germany) in accordance with standard operating procedures. Two independent evaluators (EP, SF) assessed image quality and -in CSLT -defined the ONH margin manually; the threshold for the standard deviation of the CSLT topography was set <40 lm. Included OCT data comprised an image quality index of >15 dB. Image quality of was not a relevant reason for exclusion of eyes in this study, no eye was solely excluded due to an image quality index of 14 or less dB. The neuro-retinal rim was calculated automatically using the CSLT standard reference plane. Spectral domain optical coherence tomography (SD-OCT) imaging was performed with the commercially available Heidelberg Spectralis â -OCT device. A light source of 870 nm was used according to standard imaging procedure. The scanning pattern was centred on the BMO with radial equidistance (24-high resolution 15°r adial scans, each averaged from 27 B-scans). The examiners controlled the centration of the scan to the ONH and corrected errors in detection of internal limiting membrane (ILM) and Bruch's membrane opening. BMO-based minimum rim area (BMO-MRA) calculation was performed by Heidelberg Engineering software SPECTRALIS SP-X VWM, which was provided to the authors free of charge by the manufacturer.
Gardiner and associates proposed the principle of BMO-MRA calculation (Gardiner et al. 2014) . BMO-based minimum rim area (BMO-MRA) is described as the minimum surface spanned in between Bruch's membrane opening and ILM (Figure 1) . The minimum surface tends to be approximately perpendicular to the direction of nerve fibres traversing the optic nerve head. Thereby the minimum surface tends to correlate with the total number of nerve fibres traversing the optic nerve. In BMO-MRA, analogue to procedures in one-dimensional morphometric parameter MRW, the calculation software used localized minimization of every radial scan independently of other sectors. Other OCT-based parameters were calculated by the standard operating software tool provided by Heidelberg Engineering, including a data export batch.
Visual field testing
Visual field testing was performed using an Octopus 101 visual field analyzer (Haag-Streit AG, Koeniz, Switzerland) with a 30/2 tendency oriented (TOP) white-on-white standard pattern and was analysed by PERIDATA 3.1. Age and refraction matching lens correction was applied, and visual field testing was performed separately for both eyes. Thresholds for reliability were set at ≤30% for false-positive and false-negative answers as well as ≤20% for fixation losses. Mean deviation (MD) was analysed for all eyes. Visual field results have been screened manually for glaucomatous scotoma and have been classified according to Aulhorn stages (Aulhorn 1969 (Aulhorn , 1971 (Aulhorn , 1976 .
Sample Size
The required sample size to detect a clinically relevant improvement of 0.2 to an assumed area under curve (AUC) of 0.7 with power 0.8 and type I error alpha set to 0.05 was estimated to be at least 52 eyes in each group.
Ethics and statistics
According to national medical regulations on retrospective single-centre clinical studies, Ethics Committee of the University of Cologne ruled that approval was not required for this study. All tenets of the declaration of Helsinki have been regarded. Statistical analyses were performed by SPSS (Version 22.0, IBM Corp. Armonk, NY, USA) and the statistical programming language R V3.2.2 (R Foundation for Statistical Computing, Vienna, Austria). The Pearson correlation coefficient r and Spearman rank correlation coefficient rho (q) were used depending on normal distribution of parameters. Student's t-test or Kolmogorov-Smirnov z test were applied for comparing means depending on normal distribution tested by the Shapiro-Wilk test. Diagnostic power was assessed by the receiver operating characteristic (ROC) analysis to calculate AUC as well as partial area under the curve (pAUC) values. Prior to calculation of AUCs and pAUCs, a General Estimation Equation (GEE) model was used to reflect that in a larger share of the study cohort, both eyes could be included. Glaucoma probability scores of both eyes of the same individual were averaged. These scores then were used for ROC analysis. Area under the curves (AUCs) were tested for statistically significant differences using the DeLong test. p values for pAUCs were estimated by bootstrap. Benjamini-Hochberg correction was performed where appropriate; the threshold for statistical significance was p < 0.05.
Results
Seven hundred and five eyes of 445 patients were included in this study. Glaucoma was present in 449 (63.8%) eyes; ocular hypertension was present in 67 (9.5%), while 189 (26.8%) eyes had no clinical suspicion of glaucoma. Epidemiology and baseline data are summarized in Table 1 .
Glaucoma patients
In 449 eyes with, mean BCVA was 0.13 AE 0.14 logMAR, MD of 30-2 visual field testing was À6.22 AE 6. 51 dB. Mean ONH size (CSLT) was 2.00 AE 0.48 mm 2 (range, 0.87-3.7 2 mm 2 ). Corresponding mean BMO area was 1.81 AE 0.39 mm 2 (range, 0.9 3-3.42 mm 2 ). Both parameters for area measurements correlated with r = 0.84 (p < 0.001). Detailed results including sectorial data are summarized in Table 2 .
Regarding morphometric ONH parameters, BMO-MRW and BMO-MRA showed a correlation of 0.93 (p < 0.001); correlations between peripapillary RNFL thickness to BMObased parameters were weaker (r = 0.75 and r = 0.76; p < 0.001, respectively). Disc margin rim area (DM-RA) correlated better to BMO-MRA (r = 0.73, p < 0.001) than to BMO-MRW (r = 0.62, p < 0.001) and to RNFL thickness (r = 0.58, p < 0.001).
Mean deviation (MD) in visual field testing correlated to RNFL thickness with q = 0.70 (p < 0.001), to BMO-MRA with q = 0.68 (p < 0.001), and to BMO-MRW with q = 0.66 (p < 0.001)
BMO area
Inner limiting membrane showing no statistically significant difference between those correlations (p > 0.05). Only DM-RA correlated significantly worse to MD with q = 0.55 (p < 0.001, Figure 2 ).
Eyes with ocular hypertension
In 67 eyes with OHT, mean BCVA of 0.04 AE 0.10 logMAR, MD of 30-2 visual field testing was À0.5 AE 1.56 dB. Mean ONH size (CSLT) was 2.13 AE 0.67 mm 2 (range, 1.02-3.83 mm 2 ) and mean BMO area was 1.93 AE 0.51 mm 2 (range, 1.17-3.08 mm 2 ). Table 2 summarizes global and sectorial morphometric parameters.
For BMO-MRA (p = 0.40), BMO-MRW (p = 0.57), DM-RA (p = 0.74), MD (p = 0.81), no statistical difference was found between OHT eyes and controls. Only global RNFL thickness of 87.40 AE 13.11 lm in OHT eyes was significantly less than RNFL thickness of 92.58 AE 10.56 lm in the control group (p = 0.004, Figure 2 ).
Non-glaucomatous controls
In 189 eyes of normal controls, mean BCVA was 0.05 AE 0.10 logMAR, the MD À0.47 AE To assess and compare the diagnostic power of the analysed morphometric parameters, receiver operating characteristic (ROC) analyses were performed. For the group of glaucoma eyes and normal controls, the calculated AUC results and sensitivity at 90% specificity to differentiate glaucoma were 0.87% and 70.1% for BMO-MRA, 0.86% and 68.1% for RNFL thickness, 0.84% and 66.0% for BMO-MRW, and 0.82% and 51.3% for DM-RA (Table 3) (p = 0.001) and DM-RA (p = 0.006, Table 3 ). Partial area under the curve (pAUC) for specificities between 0.8-1 was 0.13 for BMO-MRA, 0.12 for BMO-MRW, 0.13 for RNFL thickness and 0.10 for DM-RA. Partial area under the curve (pAUC) for BMO-MRA was again statistically significantly higher compared to BMO-MRW (p = 0.04) and compared to DM-RA (p = 0.006, Table 3 ). Figure 3 illustrates ROC analysis for all morphometric parameters analysed in this study. Glaucoma patients and controls differed significantly in ONH size (1.97 AE 0.49 mm²; 2.36 AE 0.67; p < 0.001) and in mean age (60.88 AE 23.8 years; 43.88 AE 22.9; p < 0.001). To exclude a potential bias caused by these differences, the ROC analyses were repeated in 230 eyes of 159 patients in both groups aged 55 years or older and with a ONH size in CSLT of 1.63-2.43 mm² corresponding to the normal range of ONH size in CSLT software. Area under the curves (AUCs) and sensitivity at 90% specificity to differentiate glaucoma were 0.88% and 72.7% for BMO-MRA, 0.85% and 66.9% for RNFL thickness, 0.88% and 71.9% for BMO-MRW, and 0.80% and 44.6% for DM-RA. DeLong test did not show statistically significant differences between these AUCs.
Diagnostic power to detect early glaucoma
Early glaucoma was defined by a mean deviation of better than À6.1 dB in visual field testing or suspicion of glaucoma through clinical evaluation while standard perimetry was normal. In 441 eyes, AUC results and sensitivity at 90% specificity to differentiate glaucoma were 0.79% and 57.0% for BMO-MRA, 0.76% and 50.3% for RNFL thickness, 0.74% and 48.7% for BMO-MRW, and 0.73% and 35.6% for DM-RA (Table 4) . Area under the curve (AUC) of BMO-MRA was comparable to AUC of RNFL thickness (p = 0.21) and significantly larger in comparison with BMO-MRW (p = 0.001) and DM-RA (p = 0.02).
Discussion
With increasingly widespread use of SD-OCT of the optic nerve head, evaluation and comparison of generated morphometric parameters for glaucoma detection and follow-up is currently a high priority. Multiple studies have proven SD-OCT parameters BMO-MRW and RNFL thickness to excel CSLT's DM-RA in diagnostic power to detect glaucoma (Chauhan & Burgoyne 2013; Gardiner et al. 2014; Danthurebandara et al. 2015; Gardiner et al. 2015; Enders et al. 2016a,b,c; Toshev et al. 2017 ). More controversial is whether one of the two morphometric parameters generated by SD-OCT should be preferred. Chauhan and associates demonstrated BMO-MRW to surpass RNFL thickness in sensitivity to unveil glaucomatous damage . Gardiner and associates recently showed that peripapillary RNFL thickness might be superior compared to BMO-MRW in follow-up assessment of glaucoma patients by higher correlation to progression of visual field defects (Gardiner et al. 2015) . In a previous study, the authors of this study could show that uncorrected BMO-MRW was influenced by ONH size and physiologically thinned in healthy eyes, resulting in reduced comparability between ONH sizes (Enders et al. 2016a,b,c; Malik et al. 2016) . BMO-based minimum rim area analysis has been proposed as a possible improved parameter to advance BMO-based neuroretinal rim measurement (Gardiner et al. 2014; Muth & Hirneiss 2015) . In another previous study, the authors of this article could show that BMO-MRA incorporates good comparability of measurements, especially when comparing measurements of ONHs with a large differences in size. Furthermore, structure-function relationship between BMO-based parameters and mean deviation in visual field testing was proven to correlate on high significance levels. In other studies, the structure-function relationship varied for different examination techniques, diagnoses and patients' characteristics (Bowd et al. 2006; Lee et al. 2010; Nilforushan et al. 2012; Pollet-Villard et al. 2014) . † Partial AUCs (pAUC) for specificity of 1-0.8. AUC = area under curve, BMO-MRW = Bruch's membrane opening minimum rim area, BMO-MRW = Bruch's membrane opening minimum rim width, CSLT = confocal laser scanning tomography, DM-RA = Disc margin rim area, RNFL = retinal nerve fibre layer, ROC = receiver operator characteristic. Fig. 3 . Receiver operating characteristic (ROC) analysis of morphometric optic disc parameters for discrimination of glaucoma patients from normal controls with sensitivities at 95% specificity. Receiver operating characteristic (ROC), Receiver Operator Characteristic; BMO-MRA, Bruch's membrane opening-based minimum rim area; BMO-MRW, Bruch's membrane opening-based minimum rim width; RNFL, Retinal nerve fibre layer; DM-RA, disc margin rim area.
The present study assessed BMO-MRA in a large group of glaucoma patients showing high variability in ONH sizes, refractive errors and degree of glaucomatous damage and thereby reflecting the set of patients seen in daily routine at a tertiary university centre for glaucoma care in Germany.
Our results demonstrate that SD-OCT parameters BMO-MRA and RNFL thickness parameters offer comparable diagnostic power for differentiation of glaucoma as well as for detection of early glaucomatous damage and excel the parameters uncorrected BMO-MRW of SD-OCT and DM-RA of CSLT significantly when the control group is not fully adapted to ONH size and age. After matching of factors patients' age and disc size between diagnostic groups, sensitivity and AUC of BMO-MRW was increased, while sensitivities and AUCs of BMO-MRA and RNFL thickness were comparable levels. In another study, these two parameters have been shown to be independent from ONH size (Enders et al. 2016a ). In consequence, for BMO-MRW, a correction of measurements for ONH size seems crucial to increase the diagnostic power to detect glaucoma. Some SD-OCT evaluation software tools incorporate an age-and ONH size-matched correction of the measurements to classify the patient into a diagnostic group.
Due to the smaller sample size of the matched groups in our study, differences in diagnostic power between these parameters were not statistically significant. Diagnostic power to detect glaucoma of DM-RA in CSLT was overall significantly lower.
In patients with diagnosis of ocular hypertension, global RNFL thickness was significantly reduced compared to normal controls, while all BMO-based parameters as well as DM-RA were insignificant. This is an interesting finding, as RNFL thickness change might be the first visible sign to detect beginning damage by the increased IOP. Anatomically, the location of a first insult is supposed to be at or very near the lamina cribrosa; therefore, an initial damage would theoretically be first expected in BMO-based parameters. Follow-up evaluation of these patients over time seems advisable to confirm a possible conversion to glaucoma post hoc.
Limitations of our study include the retrospective study set-up and potential selection bias as a result of patient exclusion because of data inconsistencies or lacking image quality. The relatively large sample size in the present study reduces this possible bias. Controls were recruited from nonglaucomatous patients examined at our centre fulfilling all inclusion and no exclusion criteria of this study. In consequence, data of our patients might not be fully representative in an epidemiologic context. Further prospective studies in normal controls would be helpful. BMO-based minimum rim area was calculated using localized minimization of the minimum surface spanned between Bruch's membrane opening and ILM. Hence, this approach might not accurately reflect the true total minimum area through which the nerve fibres pass. Modifications of BMO-MRA calculation using globalized optimization where one optimization is performed in all (typically 48) degrees of freedom simultaneously need to be evaluated in future studies.
In summary, in a large-scale, heterogenous clinical cohort of glaucoma patients, all analysed SD-OCT parameters excel DM-RA of CSLT. The two-dimensional parameter BMO-MRA shows comparable levels of diagnostic power to detect glaucoma compared to established parameters BMO-MRW and RNFL thickness. Given the previously demonstrated additional advantages of BMO-MRA regarding comparability and high diagnostic power for very large and very small ONHs, use of BMO-MRA might become a helpful additional tool in SD-OCT imaging for glaucoma. Early glaucoma defined by mean deviation in visual field testing better than À6.0 dB. * Asymptotic 95%-confidence interval. † Partial AUCs (pAUC) for specificity of 1-0.8. AUC = area under curve, BMO-MRW = Bruch's membrane opening minimum rim area, BMO-MRW = Bruch's membrane opening minimum rim width, CSLT = confocal laser scanning tomography, DM-RA = Disc margin rim area, RNFL = retinal nerve fibre layer, ROC = receiver operator characteristic.
